New data have challenged the convention that the adult Sertoli cell population is fixed and unmodifiable. The Sertoli cell has two distinct functions: 1) formation of the seminiferous cords and 2) provision of nutritional and structural support to developing germ cells. For these to occur successfully, Sertoli cells must undergo many maturational changes between fetal and adult life, the main switches occurring around puberty, including the loss of proliferative activity and the formation of the blood-testis barrier. Follicle-stimulating hormone plays a key role in promoting Sertoli cell proliferation, while thyroid hormone inhibits proliferative activity in early postnatal life. Together these regulate the Sertoli-germ cell complement and sperm output in adulthood. By puberty, the Sertoli cell population is considered to be stable and unmodifiable by hormones. But there is mounting evidence that the size of the adult Sertoli cell population and its maturational status is modifiable by hormones and that Sertoli cells can gain proliferative ability in the spermatogenically disrupted hamster and human model. This new information demonstrates that the adult Sertoli cell population, at least in the settings of testicular regression in the hamster and impaired fertility in humans in vivo and from mice and men in vitro, is not a terminally differentiated population. Data from the hamster now show that the adult Sertoli cell population size is regulated by hormones. This creates exciting prospects for basic and clinical research in testis biology. The potential to replenish an adult Sertoli-germ cell complement to normal in a setting of infertility may now be realized.
INTRODUCTION
Spermatogenesis can be likened to a symphony, with germ cell development occurring in orchestrated waves. In this context the Sertoli cell population can be thought of as a concert hall, providing an environment that maximizes acoustic dynamics. The acoustic (sperm) quality and output is dependent on the size (Sertoli cell number) and quality (state of Sertoli cell maturation) of the concert hall. An orchestra will still play the same music in the car park, but acoustic quality will be severely compromised. Current dogma states that the size and maturational status of the Sertoli cell population is established during fetal and early postnatal development, becoming fixed and unmodifiable around puberty. How is it that the arena of male fertility has no capacity for self-renewal or repair? Such an idea seems counterintuitive for a highly active and dynamic cell population such as the Sertoli cell. The damaged Sertoli cell environment has been shown to be a cause of infertility, displayed as spermatogonial arrest, in mice following irradiation [1] . This commentary focuses on a new concept in male reproduction being supported by compelling data: that the adult Sertoli cell population is regenerative and programmable by hormones.
BUILDING THE GREAT HALL OF SPERMATOGENESIS
The appropriate development of the Sertoli cell population sets spermatogenic capacity through adulthood [2] . Thus, the regulation of Sertoli cell proliferation (establishing effective cell number) and maturation (establishing effective cell function) is vital for normal adult fertility. The foundation of normal adult testicular function is established in fetal and early postnatal life, where Sertoli cells play a central role. In the fetus they act as the organizing center of testis formation, coordinating the migration and differentiation of all other cell types [3] . Differentiation of the primordial gonad to a testicular phenotype begins with the formation of Sertoli cells, first recognizable by the expression of the sex-determining region of the Y chromosome gene at E11.5 in the mouse [4] . Sertoli cells then regulate the proliferation, differentiation, and function of all other cell types, such as primordial germ cells [5] , and somatic Leydig [6] and peritubular myoid cells [7] , highlighting the central role played by Sertoli cells in testicular development. Leydig cell-derived factors (such as testosterone and insulin-like factor 3) then play important roles in masculinization events and testicular descent during fetal development [8] . Sertoli cells also induce the regression of Mullerian ducts via secretion of anti-Mullerian hormone (also known as Mullerian inhibitory substance [9] . Until this point Sertoli cells are undifferentiated and readily respond to hormones. At a species-specific time after birth (puberty), the role of Sertoli cells switches to the support of germ-cell differentiation, meiosis, and spermatid transformation [8] . At this time Sertoli cells are thought to become nonproliferative, and their state of maturation is considered unmodifiable by hormones in rats and primates [10] [11] [12] [13] . In general, this pubertal maturation of Sertoli cells is associated with a cessation of proliferation, alterations in protein expression and gene transcription, and the formation of a functional blood-testis barrier (BTB) [8] . The Sertoli cell can therefore be broadly described as having two distinct roles: one of testis formation through differentiation of the primordial gonad and the other in the support of spermatogenesis through functional maturation at puberty. It is generally held that all Sertoli cell proliferation occurs only during fetal and early neonatal life in rodents (until around 15 days) and in the fetal and peripubertal period in higher primates (Fig. 1) [8, 14, 15] .
WHAT REGULATES SERTOLI CELL MATURATION?
Detailed attention for this review will focus on the regulation of Sertoli cells during pubertal maturation; (excellent reviews on Sertoli cell differentiation in fetal life can be found elsewhere [16] ). The change in Sertoli cell proliferation dynamics around puberty and subsequent expression of mature characteristics is controlled by a complex multitude of endocrine (follicle-stimulating hormone [FSH] and thyroid hormone [TH]), paracrine (androgen-transforming growth factor beta family [TGFbs] , and glial-derived neurotrophic factor), and autocrine factors (endotoxins and proinflammatory cytokines; Fig. 2 ). The downstream targets of these factors generate a complex web of intracellular pathways and include the PKA/PKC, calcium/calmodulin, and PI3/Akt pathways, which converge on cell-cycle and transcription factors with known roles in regulating cell proliferation/differentiation, as summarized in Figure 3 .
Studies in genetically modified mice have rigorously mapped Sertoli and germ cell numbers, shaping our understanding of the hormones that regulate them. For brevity, we have chosen just a few of these studies that highlight key points. There is no absolute requirement for gonadotropins to establish a Sertoli population; however, gonadotropins are essential for a full and functional complement of Sertoli cell numbers. In both the hpg mouse (which lacks gonadotropins) and the Sertoli cell-specific knockout of both the FSH and androgen receptor, Sertoli cells exist, albeit in much lower numbers [17, 18] , probably due to increased apoptosis [19] . The available data suggests that effects of gonadotropins are due to loss of FSH action [20] rather than luteinizing hormone (LH)/androgen [17, 21] . FSH has been shown in the mouse models above to have profound effects on Sertoli cells prior to puberty. These effects include normalization of Sertoli cell number [17] , increased and rapid induction of Sertoli cell proliferation (during fetal life up to 18 days postpartum [pp] [22] ), inhibition of apoptosis [19] , and the promotion of expression of Sertoli cell factors that are associated with the differentiated state (after 21 days pp) [23, 24] . The story is similar in rats, as FSH plays a major role in establishing the full Sertoli cell complement by supporting their proliferation but not their survival [24] . After puberty, however, Sertoli cells become insensitive to the mitogenic effects of FSH [25, 26] . Whether FSH plays a role in the timing of cessation of Sertoli cell proliferation remains ill defined, and it is perhaps only FIG. 1. Sertoli cells proliferate in the pre-and neonatal period in humans, after which a period of 8 yr or more ensues where Sertoli cells are thought to be quiescent. This is followed by a second wave of proliferation in response to increased gonadotropins at puberty. In adulthood, Sertoli cells are believed to be terminally differentiated. In rodents, the two phases of proliferation appear as one, occurring without an intervening quiescent period. In these animals, proliferation occurs during fetal development and continues only during early neonatal life. TARULLI ET AL.
coincidence that the highest expression levels of the FSH receptor (FSHR) in Sertoli cells occur at Postnatal Day 15 in rats [27, 28] , coincident with cessation of proliferation. Thus, the specific effects of FSH on Sertoli cells in rodents is dependent on the animal's developmental stage [24, 29, 30] . Such differential actions of FSH can be explained in multiple ways. FSH induces a selective mobilization of Ca 2þ in immature but not mature rat Sertoli cells [31] by stimulating Ca 2þ influx through voltage-dependent Ca 2þ channels [32, 33] . This FSH-induced increase in Ca 2þ levels is mediated via an alternatively spliced isoform of the FSHR that contains a growth factor-type receptor motif with suggested functions in Sertoli cell proliferation [34] . Another factor dictating the developmental stage-specific effect of FSH on Sertoli cell proliferation is phosphatase and tensin homologue deleted on chromosome 10 (PTEN); the primary protein responsible for antagonizing the effect of PI3K, reducing downstream Akt signaling and thus a cell's propensity to proliferate. FSH rapidly induces the expression of PTEN in vitro, and administration of antisense cDNA against PTEN is able to restore FSH-induced proliferation of maturing Sertoli cells in vitro [35] . This same study demonstrates that the FSH-induced increase in PTEN expression occurs at the posttranscriptional level and purports to involve neosynthesis and require proteasomal degradation. In the context of these findings, we propose a modified/expanded model to explain the persistence of low pAkt levels occurring during pubertal maturation and the differential effect of FSH occurring at this time, a model involving the association of PTEN with junction complexes forming concurrently with Sertoli cell maturation.
It is well known that TH plays a major role in terminating Sertoli cell proliferation. A long delay (20 days) in Sertoli cell functional maturation is observed during neonatal hypothyroidism, based on their continued ability to proliferate [36, 37] . At adulthood this prolonged Sertoli cell proliferation results in a doubling in Sertoli cell number and thus sperm output [37] [38] [39] . Accordingly, hyperthyroidism induces a reduction in the period of proliferation and a precocious functional maturation that occurs around Day 12 pp in rats [40] [41] [42] [43] . TH exerts its effects on Sertoli cells through three perhaps interconnected mechanisms ( Fig. 3 ): 1) induction of expression of cell cycle regulators p27 and p21 [44] , both of which are known to suppress proliferation; 2) alteration of the steady-state levels of androgen-binding proteins, thus effecting the availability of this steroid hormone [45, 46] ; and 3) increasing the levels of the major testicular gap junction protein connexin 43, a powerful regulator of Sertoli cell maturation [47, 48] . In support of these mechanisms, suppression of TH during pubertal development was found to decrease LH mRNA levels in the pituitary [49] , and thus a secondary effect would include reduced local androgen production and concentration in the testis. TH has significant in vivo actions on expression [48] and localization [47] of connexin 43 via binding to a region of the connexin 43 promoter [50] . These findings have subsequently been replicated in in vitro systems [51] . A PROGRAMMABLE SERTOLI CELL 3
Article 13 Connexin 43 has well-established modulatory effects on cell proliferation [52, 53] , and conditional knockout of connexin 43 extends the period of Sertoli cell proliferation and maintenance of high TH receptor levels, normally associated only with proliferating Sertoli cells [54] . One theory for the basis by which TH effects proliferation via cell junctions is that in the presence of gonadotropins, organized junction complexes maintain Sertoli cell differentiation by sequestering pro-proliferative factors in submembrane junction complexes. The coordination of differentiation and cell cycle progression has been shown elsewhere to involve many junction types [55] . In the testis, gonadotropin suppression could regulate a breakdown in the organization of these complexes [56] [57] [58] , allowing mitogenic factors to induce Sertoli cell proliferation. For a more specific analysis of the role of TH in Sertoli cells, see Wagner et al. [59] .
Paracrine Factors
The precise actions of androgens and their effects on pubertal Sertoli cell maturation are hotly debated. This is likely due to the widespread action, multiple targets, and varied interactions of androgens, making its specific effect on Sertoli cells during pubertal maturation difficult to define. Sertoli cells express the androgen receptor (AR) protein during early postnatal development; however, the exact timing of expression remains contentious. Suffice to say that AR protein expression occurs prior to puberty and the onset of spermatogenesis, increasing in intensity before becoming stage specific in the adult rat testis [60] [61] [62] [63] .
In Leydig cells and peritubular myoid cells, the AR is expressed during fetal development [64] [65] [66] . Thus, the action of androgens on Sertoli cells at this time can be attributed only to paracrine effects via these cells [67] . The increase in AR expression in the whole testis occurring at the time of Sertoli cell maturation can be attributed to increased Leydig cell numbers and an increase in the number of androgen-binding sites on Sertoli cells [68] . In testosterone treated hpg and FSHR-deficient mice (from 21 days pp) [69, 70] , Sertoli cells display differentiated nuclear features suggesting that maturation and the size of the Sertoli cell population (probably as a result of enhanced proliferation [70] ) can be induced by testosterone alone. One must keep in mind that Sertoli cell number was still subnormal (50%) following testosterone treatment (50%) compared to wild-type controls [69, 70] . Interestingly, mice lacking a functional AR in Sertoli cells (SCARKO mice) exhibit normal Sertoli cell numbers [71] . A possible explanation for this latter finding is that indirect signals originating from peritubular cells promote sufficient proliferation in the absence of Sertoli cell androgen signaling [72] . This reasoning may also explain the finding that hpg.SCARKO mice have greater numbers of Sertoli cells than hpg.ARKO mice [73] . To further complicate the situation, mice with combined knockouts of the FSHR and Sertoli cell AR have a 50% decrease in Sertoli cell number compared to WT animals but show no significant difference from that of FSHR knockout mice [21] . This finding indicates that Sertoli cell androgen signaling influences cell number in the presence of FSH signaling, a concept well known to testis biologists. Altogether these findings show that both FSH and androgens can act as Sertoli cell mitogens, but the jury is awaiting further evidence before deliberating on a final verdict on the relative contribution of each factor.
Research indicates that TGF-b family members are involved in the paracrine regulation of Sertoli cell proliferation/ maturation around puberty, as these factors are locally produced in high concentrations by other somatic cells within the testis during this time. Treatment of rat Sertoli cell (6 days pp) cultures with activin A alone induces a proliferative response comparable to that observed after FSH treatment [74] , a result supported by fragment cultures [29, 30] . Treatment of Sertoli cell (3 days pp) cultures with the activin antagonist follistatin suppresses Sertoli cell proliferation [75] . Isoforms of the activin type II receptor have been shown to have a developmentally regulated expression pattern in Sertoli cells of the rat and may contribute to the switch in maturation of Sertoli cells around puberty [30] with a possibility that peritubular myoid cells also play a role [74] . Activin A also induces the expression of inhibins in vitro, particularly in the presence of FSH [74] . This correlates well with the high FSH and inhibin levels seen at birth in humans, where Sertoli cell proliferation is known to be maximal [14, 76] . As activin is able to induce increases in FSH levels in vivo [77] , genetically manipulated activin models [20, 78] have not been able to clarify the role of activin on Sertoli cells in vivo as yet; suffice it to say that Sertoli cell numbers were only 40% of normal in activin receptor II deficient mice, although FSH levels are reduced [20] . Nonetheless, activin plays an important role in stimulating Sertoli cell proliferation and is just one factor among many that have push-pull effects on Sertoli cell dynamics.
The role of BMPs in coordinating Sertoli cell proliferation has been demonstrated with in vitro murine tubule culture experiments, where BMP2 and BMP7 were found to promote Sertoli cell proliferation during the prepubertal period [79] . In indirect support of this finding, SMAD proteins (downstream signal transduction targets for BMPs; Fig. 3 ) are strongly expressed during the proliferative phase of Sertoli cells but weakly expressed during pubertal maturation and largely absent from adult Sertoli cells [80] .
Autocrine Factors
Sertoli cells are known to produce a range of factors involved in self-regulation. Research has tended to focus on factors regulating germ cell progression rather than Sertoli cell maturation, although these roles are likely intertwined [81] . Lipopolysaccharide (LPS) receptors have been identified on the surface of Sertoli cells [82] , and treatment with LPS in vitro results in the production of the proinflammatory cytokines tumor necrosis factor-a (TNFa), interleukin-1a (IL-1a), interleukin-1b (IL-1b), and interleukin-6 (IL-6) [83, 84] . TNFa positively regulates cell proliferation in endothelial and myoid cells [85] and also stimulates Sertoli cell proliferation [82] . Sertoli cells are the primary source of IL-1 production in the testis [86] , which is secreted into the interstitial and intratubular spaces [87] . The production of such factors is developmentally regulated, at least in regard to IL-1a [88] , with expression beginning at 20 days pp in the rat, with a plateau by 30 days [89] . IL-1a acts to stimulate Sertoli cell proliferation in the rat, more so than IL-1b [90] , and like many factors, FSH has been synergistically linked to the actions of IL-1. It is important to note that the proinflammatory cytokines, such as TNFa and IL-1, are known to down-regulate tight junction (TJ) protein and BTB functionality [91] and that intracellular binding partners of TJ proteins (such as ZO-1) can interact with cell cycle regulators such as ZO-1-associated nucleic acid binding protein (ZONAB) [92] .
Cell Cycle Regulators
Genes that play important roles in controlling Sertoli cell proliferation/maturation are the basic helix-loop-helix (bHLH) TARULLI ET AL. transcription factor family [93] . Inhibitor of differentiation (ID) proteins are dominant negative bHLH proteins that lack a DNA-binding domain and play key roles in the regulation of lineage commitment, cell fate decisions, and the timing of differentiation in many tissue types [94] . Sertoli cells express ID proteins [93] , which positively regulate proliferation [95] . This is thought to occur by suppression of cell cycle inhibitors p21 and p27, cell cycle regulators cyclin A, cyclin E, and cyclin dependent kinase-2 and through their interactions with retinoblastoma protein (Rb) [96] . In support of the important role for ID proteins in regulating Sertoli cell proliferation, stably transfected differentiated murine Sertoli cells overexpressing either ID1 or ID2 initiate proliferation but show reduced or ablated expression of proteins associated with functional maturation (such as inhibin-a, transferrin, and androgen-binding protein [97] ). The generation of this unique immortalized Sertoli cell line indicates that adult Sertoli cells are able to revert to a proliferative state in the presence of overexpressed ID proteins. In addition, Sertoli cells isolated from mice and men have a renewed ability to proliferate after 20 days in culture, suggesting that Sertoli cells are not terminally differentiated and quiescent [98, 99] . These cells have a decrease in expression of the cell cycle inhibitor CDKN1B (P27 kip1 ) and a 2-fold increase in the levels of the proliferation inducer ID2 [98] .
The importance of Rb in the maintenance of functional Sertoli cell maturation in adulthood has been elegantly demonstrated in the Sertoli-cell-specific Rb knockout mouse. In this model, normal Sertoli cell function exists at 6 wk pp but progressive postpubertal infertility and compromised BTB function is observed after 6 wk [100] . This is a vivid example of the difference between Sertoli cells establishing a functional seminiferous epithelium as part of the first wave of spermatogenesis and the maintenance of spermatogenesis in adulthood. The resolution of mechanisms behind this difference could provide the tools necessary for specific modification of Sertoli cell number and function in adulthood.
Cell Junctions
Cell-cell junctions are implicated in the regulation of cell proliferation and differentiation in many epithelial tissues [101, 102] . Sertoli cells from prepubertal rats proliferate in culture in a cell density-dependent manner [103] , and contact inhibition is a signal in the cessation of rat Sertoli cell proliferation dynamics at least in vitro [104] . More recently, the Sertoli cellspecific knockouts of both the gap junction protein, connexin-43 [54, 105] and the tight junction protein, claudin-11 [106] exhibited increased levels of Sertoli cell proliferation, underscoring the importance of junction structure in Sertoli cell proliferation dynamics.
The coincidence of Sertoli cell functional maturation with the emergence of organized Sertoli-Sertoli cell junctional structures in the seminiferous epithelium at puberty is indicative of a potential correlation between these important events. Indeed, many cell-cell junctions are regulated by factors that alter the dynamics of Sertoli cell proliferation. For example, retinoic acid receptor (RAR) alpha-deficient mice are sterile, attributed in part to the lack of a functional BTB and organized tight and gap junctions [107] . FSH signaling converges on the RA pathway and inhibits RAR-alpha nuclear localization and transcriptional activation [108] . In mutant mice devoid of retinoid X receptor b (which have abnormal spermatogenesis), transcripts of the major testicular gap junction protein (connexin 43) were significantly reduced [109] . Also, the connexin 43 promoter contains a thyroid hormone response element [50] , and the Sertoli cell specific connexin 43 knockout results in an increase in thyroid hormone receptor levels [54] . In addition, the hypothyroid rat model has prolonged Sertoli cell proliferation with delayed tight junction formation [37] .
It is important to note that cell-cell junctions interact with intracellular adapters (such as PDZ-domains of the zonulaoccludens protein ZO-1) that act as scaffolds, tethering transmembrane junction proteins to the underlying cytoskeleton. These intracellular adapters are promiscuous binding partners of cell-cell junctions, known to act as adapters for gap [110] , adherens, and tight junction proteins [111, 112] . Such intracellular adapters have been shown to interact with factors involved in cell-cycle regulation (such as ZONAB) [113] [114] [115] . ZONAB can sequester cyclin-dependent kinase 4 (CDK4) in the junction complex, inhibiting it from acting on cell cycle machinery in the nucleus [115] . Thus, alterations in intracellular adapters in Sertoli cells may be a switch affecting changes in cell proliferation dynamics observed after knockout of genes encoding transmembrane junction proteins, including connexin 43 [112] and claudin-11 [106] . This idea is supported by the finding that dissociation of ZO-1 from tight junction proteins in gut epithelium results in increased cell proliferation as a result of nuclear translocation of ZONAB [116] . Similarly, dissociation of ZO-1 from connexin 43 in Sertoli cells in vitro leads to increased endocytic internalization of gap junctions [117] .
Another protein heavily implicated in regulating a cell's response to mitogenic stimuli is PTEN, which antagonizes the action of PI3K and phosphorylation of downstream Akt in this classic pro-proliferative pathway. PTEN contains a putative PDZ domain [118] and so could associate with the extensive, organized junctions formed during maturation of Sertoli cells. In this setting, PTEN can more efficiently antagonize PI3K action, suppressing the mitogenic effect of FSH in Sertoli cells possessing organized junctions. This theory is supported by findings in nonmalignant mammary epithelial cell lines that the association of PTEN with adapter proteins at the cell membrane enhances its Akt-suppressive action [119] . In this regard, the increased PTEN levels observed during Sertoli cell maturation [35] (see Endocrine Factors) correlate well with increased expression of another junction-associated protein, vinculin [120] , consistent with a direct action of vinculin in mediating PTEN protein levels during maturation [121] . This adds weight to the argument that a junction-associated mechanism determines the PTEN-driven switch in Sertoli cell proliferation at puberty. This model is also in agreement with our data demonstrating marked Sertoli cell proliferation in response to FSH stimulation in an in vivo adult rodent model of gonadotropin suppression characterized by a lack of organized junction complexes [56, 57] . In short, we propose that the formation of organized junction complexes during pubertal maturation of Sertoli cells is responsible for the increased PTEN activity and suppression of mitogenic effects of FSH. This model can explain both differential actions of FSH in the pre-and postpubertal phases as well as the powerful effect of contact inhibition on Sertoli cell proliferation. Such a model is fertile ground for further investigation.
THE CASE FOR A MODIFIABLE ADULT SERTOLI CELL POPULATION
The growing understanding of how endocrine, paracrine, and autocrine factors regulate Sertoli cells has set the stage for attempts at modifying Sertoli cell maturation in adulthood. Before this can be realized, however, an old dogma needs to be put to rest.
A PROGRAMMABLE SERTOLI CELL
In nonmammalian species such as the spiny dogfish (Squalus acanthias) [122] and in simple animals such as the fruitfly (Drosophila melanogaster), the equivalent of the Sertoli cell (the cyst cell) proliferates throughout adult life. But in mammals, dogma dictates that at some point during evolution, Sertoli cells lost their capacity to regenerate during adulthood, though precisely where this occurred is unknown. However, it has been shown in elegant in vitro studies that adult Sertoli cells from mice and men [98] and in vivo studies using hamsters [56] that Sertoli cells regain their proliferative ability. It follows that the molecular mechanisms needed to reattain proliferative potential of Sertoli cells in adult higher mammals may have persisted and could be elicited with appropriate stimuli. Based on the findings from our laboratory and Ahmed and colleagues, we postulate that the Sertoli cell epithelium in higher mammals can alter its state of maturation and attain proliferative potential, keeping in line with the characteristics of other epithelial tissues.
The possibility of altering adult Sertoli cell maturation in mammals has not been examined in depth for several decades, largely because no overt proliferation or significant change in Sertoli cell number have been observed after hormonal modification in nonseasonal breeders, rodents [11, 123] , or humans [13] . However, it cannot be ruled out that small changes in population size occur or that major changes in their maturational state have occurred.
Seasonal Breeders
Sertoli cell structure and function in seasonally breeding mammals is reviewed extensively elsewhere, including morphometric data on subcellular characteristics and the hormonal environment [124] . This review focuses on changes in the size of the Sertoli cell population, proliferative ability, and maturational changes (discussed below) primarily in the seasonal breeding Djungarian hamster. Thus, the Djungarian hamster will be used as an example to show case seasonal variation in the reproductive phenotype of mammals. In brief, photoinhibition (i.e., winter) suppresses pituitary FSH and LH (and, as a result, testicular testosterone). As a consequence, spermatogenesis is disrupted primarily at the level of spermatogonial development [125] [126] [127] . Recrudescence in Djungarian hamsters occurs normally following restoration to a long-day photoperiod (i.e., summer) and results in the normalization of serum gonadotropins [125] followed by restoration of the germ cell population [128] . Sperm production [125] and fertility [129] in the photoinhibited hamster are highly dependent on FSH. Testicular testosterone does not increase until 4 wk after recrudescence [130] and is reported to be necessary only for mounting behavior [125] in this species.
Data reporting on the size and maturational status of the adult Sertoli cell population are well documented. Many studies report fluctuations in the adult Sertoli cell population in seasonal breeders, such as the golden hamster [131] , red deer [132] , Soay ram [133] , merino ram [134] , and stallion [135] , although these findings were dismissed because of the employment of older stereological techniques and the belief that Sertoli cells from these species were an exception rather than the rule. Our recent studies employed a well-characterized seasonal breeder, the Djungarian hamster and modern stereology, and revealed 30-50% reductions in Sertoli cell number after gonadotropin suppression by exposure to short photoperiods. In this model spermatogenesis was severely affected and arrested at the level of primary spermatocytes [128, 136] . This effect was promptly reversed by treatment with FSH for 7 days [128, 136] . Closer analysis of the state of Sertoli cell maturation demonstrated that wide spread dematuration occurs; this was evidenced by a loss of BTB function [57, 126] , highly disrupted tight junction protein localization [56, 57] , and absence of AR expression (Tarulli et al., unpublished findings) in Sertoli cells after gonadotropin suppression and the expression of proliferating cell nuclear antigen (PCNA) in the majority of the population after FSH replacement [56] .
This model raises some interesting questions: 1) do Sertoli cells undergo a process of dematuration under hormonal signals to maintain a steady state of Sertoli cells from year to year in the hamster, 2) are proliferation and maturational effects independent of one another, and 3) is there an existence of a Sertoli stem cell population? At present there is no evidence that definitively answers these questions, although these new findings provide new concepts that can be tested to address these points. However, it is clear that the new data from the hamster model challenge dogma that Sertoli cells retain their differentiated state throughout adulthood in higher mammals. We hypothesize that the expression of proliferative machinery in Sertoli cells is preliminary to signals originating from junction structures (such as gap and tight junctions) necessary for active engagement in the cell cycle. It would also be expected that a nonfunctional BTB is necessary to accommodate newly formed Sertoli cells, and this highlights a present conundrum in our understanding of the regulation of Sertoli cell maturation. Will the persistence of meiotic (and later germ cell types) in the adult animal maintain Sertoli cells in a nonproliferative state, or does the state of Sertoli cell proliferative ability dictate whether premeiotic germ persist in the epithelium? A thorough analysis of seminiferous epithelial regression in the Djungarian hamster has shown that characteristics of a mature Sertoli cell population persist until the loss of early meiotic germ cells [126] , which implies that germ cells may play some part in controlling Sertoli cell maturation. In contrast, after FSH stimulation the Sertoli cell appears to be the driving force, with expression of proliferative machinery and rapid reorganization (within days) of TJ proteins at the BTB [56, 57] . It is important to note that Sertoli cells exhibit a mixed phenotype of maturation in the Djungarian hamster model, even in the absence of a functional BTB and detectable AR expression. This is evidenced by the persistence of expression of proteins associated with the mature state (presence of GATA1 and absence of cytokeratin 18 expression [56] ). Thus, not all features of an immature state need to be achieved for the Sertoli cell population to be programmable.
Nonseasonal Breeders
Even though significant changes in the size of the adult Sertoli cell population have not been reported in nonseasonal laboratory rats [11] and humans [13] using modern stereological techniques, there are data to support reduced Sertoli cell numbers in men following vasectomy [137] , in patients with impaired spermatogenesis [138] , and during the aging process [139] . Whether this is due to failure of the Sertoli cell population to reach its full complement remains unknown in these reports [138, 139] ; however, this would not explain changes in the Sertoli cell population following vasectomy [137] .
Maturational changes in the Sertoli cell population have been reported in animal and clinical samples. Most notably, changes in the function and localization of BTB proteins have been documented in adult rats following gonadotropin suppression, reminiscent of a prepubertal and less differentiated Sertoli cell [58] and similar in appearance and function to TARULLI ET AL. the regressed testis in the Djungarian hamster model. Regained proliferative ability has been reported in the Sertoli cell population in adult infertile mice after irradiation [1] .
The presence of some undifferentiated characteristics in Sertoli cells of men with infertility and testicular cancer [140] [141] [142] [143] [144] has also been reported. To assess whether such changes in maturation occur in healthy adult humans, we assessed testis tissue from a human gonadotropin-based contraceptive trial [13] . It was found that proliferative machinery (positive PCNA staining) is expressed in 1.7 6 0.6% of Sertoli cells after 12 wk of gonadotropin suppression, a finding verified by the expression of Ki67 in Sertoli cells in the same samples (Tarulli et al., unpublished data) . This was associated with an absence of AR immunoreactivity in these cells, similar to the expression profile in the Djungarian hamster (Tarulli et al., unpublished data). These findings suggest that the suppression of androgen responsiveness in Sertoli cells is associated with their ability to exhibit features of an undifferentiated state. It would be highly informative to assess the state of Sertoli cell maturation in men after more complete gonadotropin suppression and then treatment with FSH to see if more widespread changes in maturation are achievable, emulating results observed in the Djungarian hamster. It seems likely that in the systems described, a counterbalancing level of Sertoli cell loss either by apoptosis or by sloughing is also occurring to maintain a steady state of Sertoli cells from year to year. How Sertoli cells are being lost in the Djungarian hamster is unknown; however, others have shown that both apoptosis and sloughing are plausible in mice and [19, 106] the starling [145] .
The data above are supported by findings in cynomolgus monkeys where heat treatment induces the re-expression of cytokeratin 18 for more than 85 days [146] , demonstrating that Sertoli cells have the capacity to exhibit features of an immature state in response to noxious stimuli. It has also been suggested that an aberrant Sertoli cell maturation may be responsible, at least in part, for the infertile phenotype, as immature characteristics are observed in the testis of some infertile men [147] . Such a situation is not difficult to imagine given the central role of Sertoli cells in testicular development. The specific level at which Sertoli cell maturation status is responsible for the infertile phenotype remains to be clearly defined.
Taken together, findings in several models suggest the capacity for adult Sertoli cells to alter their state of maturation in response to changes in gonadotropins (hypothetical model in Fig. 4) and testicular heat treatment. It seems logical that Sertoli cells would possess the ability to undertake such major shifts, as the seminiferous epithelium is a highly complex and active environment, likely to require significant remodeling and repair. The presence of some undifferentiated characteristics in Sertoli cells of men with infertility and testicular cancer [140] [141] [142] [143] [144] supports this notion. Thus, the Sertoli cell population appears to be more dynamic than previously considered, and greater appreciation for the role of changes in their maturation state is necessary for a complete understanding of spermatogenesis in health and disease. It makes sense that such a dynamic environment would necessitate constant upkeep and repair. Like an orchestra in a concert hall, optimal sound quality can be achieved only when the instruments and venue are maintained adequately. Equally, optimal sperm output from the testis would be achieved only by the constant maintenance of Sertoli cells. There is an exciting new era in Sertoli cell biology on us that has important implications in understanding pathologies of the testis and the potential for developing treatment for men with idiopathic fertility issues. The concept, for instance, that the adult Sertoli cell population may be able to manipulated by various hormonal cues, creates a whole new realm of possibilities for infertility management that has not yet been considered . FIG. 4 . Dynamics of the Sertoli cell population from fetal to adult life in the hamster and human. The Sertoli cell population under normal hormonal conditions increases via one or two proliferative windows, depending on species. The main maturational switch occurs around puberty in both species, and thereafter the Sertoli cell population is considered relatively stable. Hormone disruption (i.e., after gonadotropin suppression) can lead to a decreased Sertoli cell population presumably by apoptosis and/or sloughing. Hormone replacement, such as FSH, can restore the Sertoli cell population to normal, at least in hamsters, by induction of the proliferative machinery. The Sertoli cell population can exhibit features of an undifferentiated state, such as the presence of proliferative machinery, absence of androgen receptor expression, and absence of BTB function. Spermatogenic efficiency is reduced after gonadotropin suppression, though a large majority of Sertoli cells maintain a differentiated state. In a case of arrested spermatogenesis, with no evidence of mature spermatids (such as the Djungarian hamster model), widespread dematuration of Sertoli cells is observed.
